B-cell receptor (BCR) engagement with surface-tethered antigens leads to the formation of an immune synapse, which facilitates antigen uptake for presentation to T-lymphocytes. Antigen internalization and processing rely on the early dynein-dependent transport of BCR-antigen microclusters to the synapse center, as well as on the later polarization of the microtubule-organizing center (MTOC). MTOC repositioning allows the release of proteases and the delivery of MHC class II molecules at the synapse. Whether and how these events are coordinated have not been addressed. Here we show that the ancestral polarity protein Par3 promotes BCR-antigen microcluster gathering, as well as MTOC polarization and lysosome exocytosis, at the synapse by facilitating local dynein recruitment. Par3 is also required for antigen presentation to T-lymphocytes. Par3 therefore emerges as a key molecule in the coupling of the early and late events needed for efficient extraction and processing of immobilized antigen by B-cells.
INTRODUCTION
In lymph nodes, B-lymphocytes are activated through the engagement of their B-cell receptor (BCR) with antigens (Ags) tethered at the surface of neighboring cells (Batista and Harwood, 2009 ). BCR engagement leads to extraction and processing of these immobilized antigens for presentation onto major histocompatibility complex (MHC) class II molecules to primed CD4 + T-cells (Mitchison, 2004) . This process, referred to as T-B cooperation, is required for germinal center formation and production of high-affinity antibodies by B-lymphocytes.
Both efficient BCR signaling and extraction of surface-tethered antigens rely on the formation of an immune synapse that is reminiscent of the one described in T-lymphocytes (Kupfer et al., 1987; Grakoui et al., 1999) . It includes a peripheral region, the pSMAC, into which coreceptors such as LFA-1 accumulate, and a central region, the cSMAC, toward which BCRs, organized into clusters containing signaling molecules (termed microclusters), are actively transported (Carrasco et al., 2004; Harwood and Batista, 2008; Tolar et al., 2009) . Directed transport of microclusters to the cSMAC allows local gathering of BCR-antigen complexes and promotes their internalization (Fleire et al., 2006 , Schnyder et al., 2011 . Formation of signaling BCR microclusters relies on the local remodeling of the actin cytoskeleton by the small GTPase Rac2 and the ERM protein ezrin (Brezski and Monroe, 2007; Arana et al., 2008;  synapse center. However, whereas these Par3-GFP dots ultimately concentrated at the level of the cSMAC, actin had a more peripheral distribution ( Figure 1B) . Of importance, no directional Par3-GFP movement (nor that of actin) was observed when B-cells were plated on slides noncoated with Ag ( Figure 1B and Supplemental Figure  S1 ), highlighting the specificity of this phenomenon. We conclude that Par3 is recruited at the B-cell synapse, undergoes centripetal movement, and concentrates at the level of the cSMAC.
Par3 is required for BCR-Ag microcluster gathering at the center of the immune synapse
The centripetal transport of BCR-Ag microclusters was shown to be essential for Ag gathering at the synapse center and uptake for presentation onto MHC class II molecules (Treanor et al., 2010) . Using planar lipid bilayers, we observed that BCR-Ag microclusters transiently overlapped with Par3-GFP-containing punctuated structures during centripetal transport (see arrows in Figure 2A and Supplemental Video S2) . This result suggests that Par3 might be involved in the dynamics of these signaling structures. To address this question, we silenced Par3 expression using two Par3-specific short hairpin RNAs (shRNAs; Supplemental Figure S2A ). Although Par3-silenced cells exhibited similar numbers of BCR-Ag microclusters as control cells, these microclusters often failed to gather at the cS-MAC in the absence of the polarity protein, instead remaining dispersed at the cell periphery ( Figure 2 , B and C, and Supplemental Video S3). This was quantified by measuring the growth of microclusters during centripetal transport: whereas microcluster size increased in control B-cells as a result of their coalescence at the synapse center, this was not observed in Par3-silenced B-cells ( Figure  2D ). Of interest, a slight reduction in the phosphorylation of Erk and p38 was detected in Par3-silenced cells, suggesting that the mitogen-activated protein (MAP) kinase pathway requires microcluster centripetal transport for efficient activation (Supplemental Figure  S2B ). In addition, no significant difference in the mobility of single BCR molecules was observed between control and Par3-silenced resting B-lymphocytes (Supplemental Figure S3, A and B) , suggesting that Par3 specifically regulates BCR dynamics upon engagement with immobilized antigens. We conclude that Par3 interacts with BCR-Ag microclusters and is required for their transport toward the center of the immune synapse.
Par3 regulates dynein dynamics at the B-cell synapse
The centripetal transport of BCR-Ag microclusters was shown to rely on dynein (Schnyder et al., 2011) . Of interest, this molecular motor was also described as interacting and partially colocalizing with Par3 in migrating fibroblasts (Schmoranzer et al., 2009) . We therefore hypothesized that Par3 regulates BCR microcluster transport by facilitating dynein recruitment at the B-cell synapse. To test this hypothesis, we investigated the localization of dynein IC74 (2C-red fluorescent protein [RFP] ) in control and Par3-silenced B-cells. Spinning-disk microscopy analysis showed that dynein enrichment at the synapse was decreased in Par3-knockdown B-cells ( Figure 3 , A and B). In addition, analysis of the dynamics of the motor protein by TIRFM showed that the duration of single dynein trajectories was significantly reduced in Par3-silenced cells as compared with their control counterpart (Figures 3, C and D, and Supplemental Video S4) , indicating that the time of presence of dynein at the immune synapse is decreased in the absence of the polarity protein. Of interest, this particularly concerned the dynein structures that localized at the synapse center ( Figure 3E ). Accordingly, transient colocalization events of Par3-GFP and dynein IC74 (2C-RFP) were observed in cotransfected B-cells ( Figure 3F and Supplemental Video S5). Par3 Treanor et al., 2010) . In addition, the directed movement of signaling BCR microclusters to the cSMAC requires their association with the microtubule motor protein dynein, which promotes antigen gathering, extraction, and presentation (Schnyder et al., 2011) .
Additional evidence for the involvement of the microtubule cytoskeleton in synapse organization and function is provided by our work demonstrating that the polarization of the microtubuleorganizing center (MTOC) to the B-cell synapse allows the local secretion of lysosomal hydrolases that promote efficient antigen extraction (Yuseff et al., 2011) . Two other recent studies support the idea that B-cell polarity regulates B-lymphocyte function at several stages of activation. Indeed, it was shown that while migrating toward the T-cell zone, activated B-cells undergo asymmetric divisions, allowing segregation of the taken-up antigen to be presented to T-lymphocytes in one daughter cell only (Thaunat et al., 2012) . Asymmetric B-cell divisions were also described in germinal centers, where they might regulate the unequal inheritance of fate-associated molecules such as Bcl-6 by daughter cells (Barnett et al., 2012) . Control of cell polarity therefore emerges as a key mechanism involved in the regulation of B-lymphocyte responses.
In epithelial cells, establishment of cell polarity is driven by three conserved protein complexes: Scribble, Crumbs, and the partitioning-defective (Par) complex (Mellman and Nelson, 2008) . Among the three, the Par polarity complex has the broadest function, controlling apicobasal polarity, asymmetric cell division, and directed cell migration. It is composed of three subunits-Par6, Par3, and atypical protein kinase Cζ (aPKCζ)-and is often activated downstream of the small GTPase Cdc42 (Iden and Collard, 2008) . The mechanisms by which Par regulates cell polarity involve the redirection of both the actin and microtubule cytoskeletons toward precisely labeled intracellular locations. We demonstrated that MTOC and lysosome polarization induced upon BCR engagement with surface-tethered Ag relies on both Cdc42 and aPKCζ (Yuseff et al., 2011) . Of interest, it was highlighted that Par3 interacts with dynein in migrating fibroblasts (Schmoranzer et al. 2009 ). This has been shown to allow MTOC polarization in T-lymphocytes (Quann et al. 2009; Yi et al. 2013 ). Furthermore, Par3 transcription was shown to be under the control of Pax5, the master regulator of the B-cell lineage (Schebesta et al., 2007) . However, whether this ancestrally conserved polarity protein plays a role in B-lymphocyte function remains an open question.
Here we investigate the role of Par3 in formation and function of the B-cell synapse. We show that by facilitating the local recruitment of dynein, Par3 couples the early and late events required for presentation of immobilized Ag to T-lymphocytes: 1) the gathering of BCR-Ag microclusters at the synapse center and 2) the local exocytosis of lysosomes that delivers proteases and MHC class II molecules for Ag processing to take place.
RESULTS

BCR engagement with surface-tethered antigens triggers Par3 recruitment to the center of the immune synapse
To investigate whether Par3 is recruited at the B-cell synapse, we plated mouse B-lymphoma cells expressing Par3-green fluorescent protein (GFP) and LifeAct-CherryFP onto glass slides coated or not with specific BCR ligands and recorded them for 30 min by total interference reflection fluorescence time-lapse microscopy (TIRFM). As expected, we observed a flow of actin starting at the synapse periphery and moving toward its center, leading to lamellipodial extension and progressive contraction ( Figure 1, A and B , and Supplemental Video S1). Of interest, Par3-GFP formed punctuated structures that, similar to actin, moved in a unidirectional manner to the 2011). We observed that Par3 and dynein were both enriched at the cell-bead interface and exclusively when beads were coated with specific BCR ligands (Figures 4, A-C). Partial colocalization of the two proteins was also observed ( Figure 4A ). Of importance, dynein polarization to Ag-coated beads was significantly reduced in Par3silenced B-lymphocytes ( Figure 4 , D and E), whereas dynein inhibition did not alter Par3-GFP polarization (Supplemental Figure S4A ). These results indicate that, as observed on planar surfaces, Par3 promotes the recruitment of dynein to the synapse that forms at the B-cell-bead interface.
Calculation of the MTOC polarity index showed that it was significantly reduced in Par3-silenced B-cells ( Figure 5 , A and B), indicating that Par3 is required for MTOC polarization in B-cells. Polarization was not observed in B-cells stimulated with beads coated with proteins that do not engage the BCR. Of importance, MTOC polarity was rescued by exogenously expressing human Par3-GFP in mouse B-cells silenced for the endogenous protein (McCaffrey and Macara, 2009) , indicating that defective polarity in these cells did not result from shRNA off-targets (Supplemental Figure S4B ). Dynein inhibition with ciliobrevin A also significantly impaired MTOC recruitment to the cell-bead interface (Supplemental Figure S5A ). We conclude that Par3 and dynein are required for MTOC polarization to the B-cell synapse. silencing had no effect on the endogenous expression levels of the dynein IC74 subunit (Supplemental Figure S3C ). Thus, Par3 facilitates dynein enrichment at the center of the B-cell synapse, suggesting that Par3 might promote BCR-Ag microcluster centripetal transport by locally recruiting the motor protein.
Par3 and dynein regulate MTOC polarization to the B-cell synapse
Acquisition of surface-tethered Ag relies on 1) the early gathering of BCR-Ag microclusters at the cSMAC and 2) the later polarization of the MTOC and lysosomes at the immune synapse, which provide both the proteolytic enzymes and MHC class II molecules required for Ag extraction and processing (Yuseff et al., 2011) . Of interest, both Par3 and dynein are involved in MTOC polarization in a variety of cellular systems (Gérard et al., 2007; Schmoranzer et al., 2009) . We therefore hypothesized that in addition to BCR-Ag microcluster gathering, Par3 and dynein might promote MTOC and lysosome polarization, thereby coupling the early and late events required for efficient Ag presentation.
To assess the role of Par3 and dynein in MTOC polarization to the B-cell synapse, we incubated B-lymphoma cells with 3-μm latex beads coated or not with BCR ligands, a system that is better suited than planar surfaces to study global cell polarity events (Yuseff et al., Similarly, the number of beads in contact with the control or silenced cells was not significantly different ( Figure 6C ). Lysosome exocytosis at the synapse was next assessed by measuring local acidification using beads coated with BCR ligands coupled to Cypher5E dye, which fluoresces at acidic pH (Milasta et al., 2005; Yuseff at al., 2011) . This experiment showed that synapse acidification was impaired in Par3knockdown B-cells ( Figure 6 , D and E). In agreement with our previous findings (Yuseff et al., 2011) , no significant Cypher5E signal was observed in intracellular compartments, suggesting either that the Par3 and dynein regulate lysosome secretion at the B-cell synapse Similar results were obtained when monitoring lysosome polarization to the cell-bead interface: both Par3 silencing and dynein inhibition significantly impaired lysosome recruitment to the synapse ( Figure 5 , A and C, and Supplemental Figure S5B ). Analysis of dynein distribution in activated B-cells by structured-illumination microscopy (SIM) showed no major colocalization between the LAMP-1 lysosomal marker and the molecular motor, suggesting that the majority of the synaptic dynein pool was recruited independently of these vesicles ( Figure 5D and Supplemental Video S6). The local density of lysosomes monitored by TIRFM was also reduced in Radial distance fraction of taken-up Ag was not abundant enough to be detected or that Ag was internalized in early endosomal compartments whose pH is not compatible with Cypher5E fluorescence emission. Accordingly, Par3 silencing also reduced the extraction of immobilized Ag, as monitored by labeling the amount of ovalbumin remaining on beads in contact with B-cells ( Figure 6F ). Hence Par3 silencing impairs lysosome recruitment and secretion at the B-cell synapse as well as local Ag extraction. Taken together, our results strongly suggest that Par3 regulates MTOC/lysosome recruitment at the synapse by locally recruiting dynein. To formally demonstrate this point, we assessed whether MTOC/ lysosome polarity in Par3-silenced B-cells was rescued by expression of a Par3-yellow fluorescent protein (YFP) construct that lacks the N-terminal domain (Par3 Cter-YFP) responsible for its interaction with the motor protein (Schmoranzer et al., 2009) . Unfortunately, we found that this construct was mislocalized when transfected in Bcells, accumulating in their nucleus (Supplemental Figure S6C ). Nevertheless, our data indicate that Par3 promotes the polarization of dynein to the B-cell synapse, which in turn is required for MTOC/lysosome local recruitment. We therefore conclude that Par3 promotes MTOC/lysosome polarization at least in part by facilitating dynein recruitment at the immune synapse, even though we cannot exclude that Par3silenced B-cells might have additional defects that also contribute to their defective polarity phenotype.
Par3 is required for the processing and presentation of surface-tethered antigens to T-cells
Having shown that Par3 promotes both BCR-Ag microcluster gathering at the center of the synapse and the local secretion of lysosomes, we next investigated whether Par3 is required for presentation of surfacetethered Ag onto MHC class II molecules to CD4 + T-lymphocytes. For this, we incubated B-cells with beads coated or not with specific BCR ligands plus the LACK antigen from Leishmania major, as previously described (Yuseff et al., 2011) . After 4 h, B-cells FIGURE 3: Par3 regulates dynein dynamics at the B-cell synapse. (A) B-cells expressing dynein-IC-RFP were plated on anti-IgG-coated coverslips and imaged 15 min to 1 h after stimulation by spinning-disk microscopy. The three images show three sections of a cell (bottom xy and two sagittal ones). (B) Method used to quantify dynein accumulation at the synapse: the ratio between fluorescence density of the signal (total fluorescence/volume) in the synapse to the fluorescence density in the cytoplasm was computed; a uniform distribution would give a ratio of 1. The measured fluorescence ratio is higher in shCtrl than in shPar3-A cells (shCtrl, n = 27; shPar3, n = 18; p = 0.016, Mann-Whitney test; three independent experiments), indicating Par3-dependent accumulation of dynein at the synapse. (C) The same pool of cells observed in B were previously observed in TIRFM, and the dynein puncta visible on each frame (left) were tracked with single-particle tracking (only puncta above background levels were considered); overlap of trajectories is color coded according to their duration. (D) Median duration of the trajectory computed in the same cell shows that in the control (shCtrl, n = 27) cells, dynein remains at the synapse significantly longer than in silenced ones (shPar3-A, n = 18; p = 0.0028, Mann-Whitney test); trajectories <2 s were discarded from statistics). (E) Average of the duration, with error bars (SEM), plotted along the normalized distance from the center of the The automated method used to quantify the degree of polarization of a cell: briefly, 1) the cell is imaged in three dimensions on different signals; 2) its center of mass and the center of mass of the signal of interest are obtained by suitable threshold methods; 3) the positions of the different centers of mass are computed relative to the center of the cell; and 4) the polarity index (PI) is obtained as described by the appropriate formula (see Materials and Methods). (C) Double polarity indexes were obtained for each condition (each black circle corresponds to a cell). Colored plot were obtained (using the dscatter.m Matlab routine; Eilers et al. 2004 ) from single-cell results (color code uses the Jet LUT: low density, blue; high density, red). The polarity index is measured at t = 15min (without [-] BCR ligand, n = 88; with [+] BCR ligand, n = 76) and t = 60 min (without [-] BCR ligand, n = 95; with [+] BCR ligand, n = 95; three independent experiments) after incubation (however, because we do not control the precise time at which cells interact with beads, this contact time might be slightly overestimated). (D) Control (shControl) and Par3-silenced (shPar3-B) B-cells were treated as described in A and stained for α-tubulin (red) and dynein-IC74 (green). Scale bars, 3 μm. (E) Dynein polarity indexes were obtained as described in Materials and Methods using single-cell analysis (respectively, n = 80, 83, 67, and 123; three independent experiments). Control stimulated cells (shControl, +) present increased polarity indexes compared with Par3 silenced and nonstimulated cells (p(shControl-ligand) < 0.0001, p(shPar3+ligand) < 0.0001; Mann-Whitney test against shControl+ligand). Figure S7, A and B) .
These results indicate that impaired antigen processing did not result from altered BCR endocytic trafficking. Of importance, Par3 silencing had no effect on peptide presentation ( Figure 6H ), indicating that it does not affect surface expression levels of MHC class II or costimulatory molecules involved in B-cell-T-cell interactions. Equivalent results were obtained in purified mouse spleen B-cells were fixed and cultured in the presence of a T-cell hybridoma that recognizes the LACK peptide (amino acids 156-173) presented onto I-A d MHC class II molecules, and their activation was measured by monitoring the secretion of interleukin-2 (IL-2). T-cell activation was observed only when using beads coated with BCR ligands, demonstrating that Ag must interact with the BCR to be efficiently presented to T-cells ( Figure 6G ). Ag presentation to T lymphocytes was compromised in Par3-silenced B-cells. Par3 silencing did not affect two-way analysis of variance test, p = 0.37). (D) Representative images of an anti-IgG-Cypher5 bead associated to control (shCtrl) cell and Par3-silenced (shPar3-A) cells. The numbers indicate the increase in MFI of the bead above background. (E) Percentage of beads associated to anti-IgG-Cypher5 beads that showed a Cypher5 MFI of >10% above background (p = 0.015, Fisher's exact test) in control (shControl, n = 130) and silenced cells (shPar3, n = 87; pooled from more than three independent experiments). (F) Normalized antigen extraction measured by immunofluorescence (n(shCtrl) = 104, n(shPar3) = 95, pooled from three independent experiments). Antigen extraction in shPar3 cell is 70% weaker than in control cells (paired t test, p = 0.022). (G) Ag presentation assay with control and shPar3-silenced B-cells. Mean amounts of IL-2 ± SD were obtained by pooling triplicates from at least two independent experiments (p(shPar3A+Lack+ligand) < 0.0001, p(shPar3B+Lack+ligand) < 0.0001; one way analysis of variance [ANOVA] followed by Dunnett's multiple comparison test against control condition shControl+Lack+ligand; obvious significances are not shown). (H) Peptide control for B-cells used in the antigen presentation experiment (average value and SD computed on at least two independent experiments). (I) Ag presentation assay with control and siRNA Par3-silenced, spleen-derived primary B-cells. Mean amounts of IL-2 ± SD were obtained as average of triplicates from at least two independent experiments (p(siPar3A+Lack+ligand) < 0.0001, p(siPar3B+Lack+ligand) < 0.0001; two-way ANOVA, followed by Bonferroni post test, against control condition siControl+Lack+ligand; obvious significances are not shown). 
silenced for Par3 using two different siRNAs ( Figure 6 , I and J, and Supplemental Figure S7C ). In addition, no difference was detected in the presentation of soluble Ag acquired by pinocytosis, even at higher concentrations (Supplemental Figure S7D ). We conclude that the polarity protein Par3 is specifically required for the processing and presentation of surface-tethered antigens by promoting synapse formation and polarization of lysosomal trafficking.
DISCUSSION
B-cells rely on cell polarity to acquire their Ag-presentation function; however, the cellular mechanisms behind the establishment and maintenance of B-cell polarization during synapse formation remain incompletely resolved. In this study, we provided the first evidence for the implication of the ancestral polarity protein Par3 in the polarization of B-cells during synapse formation. Our results suggest that the localization of Par3 to the site of BCR-antigen interaction acts as a landmark of polarity that guides the further recruitment of molecules required for B-cell synapse organization and function. Indeed, we show that Par3 facilitates the recruitment of dynein to the B-cell synapse, which 1) allows the transport of BCR-Ag microclusters to the synapse center, where endocytosis takes place, and 2) drives MTOC polarization and local lysosome secretion. Although we do not formally demonstrate, as shown in fibroblasts, that the interaction between dynein and Par3 is direct in B-lymphocytes, impaired dynein recruitment at the synapse of Par3-silenced B-cells provides a simple explanation for defective BCR microcluster centripetal transport and MTOC/lysosome polarization in these cells. We propose that by coordinating these two events, Par3 and dynein couple the early and late events required for Ag processing and presentation to T-lymphocytes (see model in Figure 7 ). We observed that Par3 controls the early onset of MAP kinase signaling, consistent with impaired microcluster gathering at the center of the synapse in Par3-silenced cells. These cells also show a slight increment in ERK phosphorylation at later time points. However, this was not sufficient to overcome their defective polarization phenotype, indicating that perturbations in early signaling events affect later cytoskeleton dynamics. We found that the gathering of Par3 occurs concomitantly to an actin flow directed toward the center of the B-cell synapse. These observations were obtained by transfecting Par3-GFP in B-lymphocytes. Indeed, we could not visualize endogenous Par3, most likely due to low expression levels of the protein in B-cells, as well as to the poor quality of the antibodies for immunofluorescence staining. However, we verified that Ag presentation is not impaired upon Par3-GFP expression in B-cells, indicating that the fusion protein does not alter B-cell function (Supplemental Figure S7D ). Of interest, it has been found that segregation of polarity proteins is promoted by an actomyosin flow during the establishment of the anteroposterior axis in Caenorhabditis elegans embryos (Goehring et al., 2011) . It is tempting to speculate that the actomyosin contractions induced upon BCR engagement (Vascotto et al., 2007) generate a positive feedback loop that reinforces Par3 recruitment and downstream events of B-cell polarization. Accordingly, myosin II has recently been shown to be involved in MTOC reorientation to the T-cell synapse (Liu et al., 2013) . In this model, MTOC polarization results from the concerted forces of myosin II, which localizes at the rear of activated T-cells and exerts pushing forces on the microtubule network, and dynein, which is recruited at the T-cell front and pulls on microtubules. In addition, in these cells, MTOC polarization was shown to require the local production of diacylglycerol (DAG), which recruits and activates PKCs (Quann et al., 2009) . Of interest, DAG is converted by DAG kinase to phosphatidic acid, which interacts with the PDZ domain of Par3 (Yu et Harris, 2012) . Whether DAG plays a role in Par3-dependent MTOC polarization in B-cells or whether Par3 is involved in DAG-induced MTOC polarization in T-cells needs to be investigated. Indeed, although several polarity proteins, including Par3, were shown to be enriched at the T-cell synapse (Ludford-Menting et al., 2005) , their role in local dynein recruitment and MTOC polarization was not addressed.
We showed that aPKCζ is associated with the lysosomes that polarize to the B-cell synapse (Yuseff et al., 2011) . We observed that aPKCζ was not required for MTOC per se but instead stabilized its polarization, as well as the local secretion of lysosomes. It can be envisioned that BCR engagement induces 1) polarization of Par3, which allows dynein recruitment at the B-cell synapse and provides the driving force to gather microclusters at the cSMAC, and 2) phosphorylation of aPKCζ (Yuseff et al., 2011) , which stabilizes polarity by facilitating the docking of the MTOC and the secretion of lysosomes, possibly through its ability to interact with Par3. In this context, the concerted action of aPKCζ and Par3 would create a stable platform for efficient extraction and processing of surface-tethered Ag through coordinated events of exocytosis and endocytosis. Indeed, the lysosomes that are recruited in an MTOC-dependent manner at the B-cell synapse not only provide the extracellular proteases to facilitate Ag extraction, but also further help to recruit the MHC class II molecules to be loaded with antigenic peptides (Yuseff et al., 2011) . Formation of MHC class II-peptide complexes might occur at the cell surface (Moss et al., 2007) , as well as in endocytic vesicles that would form upon lysosome secretion, as described at the T-cell synapse (Angus et al., 2013) and during compensatory endocytosis in secretory neurons (Gundelfinger et al., 2003) . In agreement with temperature. Beads were washed with phosphate-buffered saline (PBS) and incubated overnight at 4ºC with different ligands: 100 μg/ml of either F(ab′) 2 goat anti-mouse immunoglobulin G (IgG) or F(ab') 2 goat anti-mouse IgM (MP Biomedical, Santa Ana, CA).
Preparation of Ag-coated surfaces
Fluorodishes (MatTek, Ashland, MA) were coated overnight with 10 μg/ml of either F(ab′) 2 goat anti-mouse IgG or F(ab′) 2 goat antimouse-IgM (MP Biomedicals) and 0.5 μg/ml rat anti-mouse CD45R/ B220 (eBioscience, San Diego, CA) diluted in cold PBS.
Preparation of planar lipid bilayers
Planar lipid bilayers were prepared following Carrasco et al. (2004) , with minor modifications. Biotinylated (Fab′) 2 anti-IgG or IgM was added to the lipid bilayer (20 μg/ml), and cells were monitored upon contact with bilayers. The fluidity of the lipid bilayers was tested by fluorescence recovery after photo bleaching close to each cell of interest. For single-molecule experiments in steady state, bilayers contained biotinylated anti-B220 (40 ng/ml) to favor cell adhesion. Cells were previously incubated with monovalent Fab anti-IgG Alexa Fluor 555 at 1 nM and deposited in the lipid chamber.
DNA constructs
LifeAct-CherryFP was a kind gift from P. Chavrier (Institut Curie, Paris, France). The Par3-GFP construct and shRNA-Par3 were kindly provided by Ira Mellman (Genentech, South San Francisco, CA) and Ian Macara (University of Virginia, Charlottesville, VA), respectively. Mouse Par3-YFP and Par3-Cter-YFP were previously characterized (Schmoranzer et al., 2009) . The dynein-IC74-2C-RFP construct was a kind gift from F. Saudou (Institut Curie, Orsay, France) and previously characterized (Ha et al., 2008) .
Cell transfection
We electroporated 2.5 × 10 6 IIA1.6 B-lymphoma cells using Nucleofector R T16 (Lonza, Gaithersburg, MD) in the presence of 4 μg of plasmid DNA. Par3-GFP-transfected cells were cultured for 12-24 h before functional analysis. Transfection with shPar3 or shControl plasmids was done as previously described (Yuseff et al., 2011) . Bcells infected with shPar3 or shControl lentiviruses were selected in puromycin and transfected after 96 h with cathepsin D-monomeric RFP (mRFP), centrin-GFP, LifeAct-CherryFP, or dynein-IC-RFP and analyzed within 24 h.
We electroporated 4 × 10 6 CpG-treated primary B-cells using Mouse B Cell Nucleofector Kit (Lonza) in the presence of 100 nM of AllStars Negative Control siRNA (1027280; Quiagen, Hilden, Germany) for siControl or FlexiTube siRNA Mm_Pard3_4 and Mm_ Pard3_2 (SI01369508 and SI01369494; Qiagen) for siPar3-A and siPar3-B, respectively. B-cells were resuspended in CpGfree prewarmed medium, and presentation experiments were performed 48 to 72 h after RNA interference transfection. Par3 levels were analyzed by Western blot as described later.
Lentiviral production and cell infection
The shRNAs used to silence Par3 in the IIA1.6 B-lymphoma cells were purified from MISSION shRNA Bacterial Glycerol Stocks (Sigma-Aldrich): shPar3-A TRCN0000094400, shPar3-B TRCN0000094401, and SHC002 as control (where not indicated in the figure legends, the data from shPar3-A and shPar3-B were pooled). Lentiviruses were produced by transfection in a 1:2.5:3 ratio of the envelope (pMD2G), the packaging (pPAX-2), and shRNA-encoding plasmids in 293T cells with Gene juice (Merck Millipore). Supernatants were harvested 72 h after transfection and impaired lysosome secretion (as measured by synapse acidification), we found that antigen extraction is reduced in Par3-silenced B-cells but not completely abrogated, suggesting that the mechanical component of antigen extraction (Natkanski et al., 2013) persists.
The sustained polarized phenotype induced during synapse formation could also control later stages of B-cell activation. Indeed, prolonged synaptic interactions between T-cells and Ag-presenting cells were shown to coordinate asymmetric T-cell division by guiding the segregation of ancestral polarity proteins, aPKCζ and Scribble, thereby giving rise to different T-cell progeny with effector or memory fates (Chang et al., 2007) . Asymmetric cell divisions were further described in B-cells within germinal centers, where unequal inheritance of fate-associated molecules such as Bcl-6 and aPKC by daughter cells was observed (Barnett et al., 2012) . Another recent study showed that the asymmetric distribution of antigen within B-cells is conserved throughout cell division, giving rise to daughter cells with unequal Ag loads and consequently providing them with differential capacities for antigen presentation (Thaunat et al., 2012) . Whether the generation of these asymmetric populations is influenced by initial polarity cues established during synapse formation upon Ag encounter remains to be elucidated. Future experiments aimed at analyzing the effect of polarity proteins at different stages of B-cell activation, such as Ag encounter, migration, or asymmetric cell division, should help to shed light on these important questions.
MATERIALS AND METHODS Cells
The mouse lymphoma cell line IIA1.6 (Lankar et al., 2002) and the LMR7.5 Lack T-cell hybridoma, which recognizes I-A d -LACK 156-173 complexes, were cultured as reported previously (Vascotto et al., 2007) in CLICK medium (RPMI 1640, 10% fetal calf serum, 1% penicillin-streptomycin, 0.1% β-mercaptoethanol, and 2% sodium pyruvate). HEK 293T cells were cultured for lentiviral production in DMEM/Glutamax-5% fetal bovine serum, 1 mM sodium pyruvate, MEM nonessential amino acids, and penicillin-streptomycin. All cell culture products were purchased from GIBCO/Life Technologies, Paisley, UK. Primary B-cells were extracted from the spleen of BALB/c mice by negative selection as previously described (Vascotto et al., 2007) and activated for 24 h with 1 μM CpG (ODN 1826; Invivogen, Shatin, Hong Kong) in B-cell culture medium supplemented with nonessential amino acids.
Antibodies and reagents
We used rat anti-mouse LAMP-1 (BD Bioscience, San Jose, CA), antiα-tubulin (clone YL1/2; Serotec, Oxford, UK), mouse anti-α-actin (clone C4; Merck Millipore, Darmstadt, Germany), biotinylated mouse anti-dynein-IC74 (clone 74.1; Santa Cruz Biotechnology, Dallas, TX), rabbit anti-γ-tubulin (kindly provided by Michel Bornens, Institut Curie, Paris, France), rabbit anti-GFP (Ozyme, Montigny le Bretonneux, France); rabbit anti-Par3 (Merck Millipore), and rabbit anti-dynein (Santa Cruz Biotechnology). We used the following secondary antibodies (Jackson ImmunoResearch, West Grove, PA): F(ab′) 2 goat antimouse, F(ab′) 2 donkey anti-rabbit-Cy3, F(ab′) 2 goat anti-rabbit-Alexa Fluor 488, F(ab′) 2 donkey anti-rat-Cy5, streptavidin-Alexa Fluor 488, streptavidin-Cy3, and streptavidin-Alexa Fluor 647. Ciliobrevin A (HPI-4; Sigma-Aldrich, St. Louis, MO) and CypHer5E (Amersham Bioscience, Little Chalfont, UK) were used according to manufacturers' instructions. Ovalbumin was purchased from Sigma-Aldrich.
Preparation of Ag-coated beads
We activated 4 × 10 7 3-μm latex NH2-beads (Polyscience, Eppelheim, Germany) with 8% glutaraldehyde for 2 h at room ultracentrifuged at 100,000 × g for 90 min at 4°C. Pellets were resuspended in 2% bovine serum albumin (BSA)/PBS and frozen at −80°C for later use. IIA1.6 B-cells were infected (multiplicity of infection 20) with spin centrifugation with Polybrene (5 μg/ml). After 24 h, puromycin selection (5 μg/ml) was performed, and cells were assayed after 72-120 h. Par3 levels were analyzed by Western blot as described.
Western blotting
B-cells were lysed at 4ºC in buffer containing 0.5% NP-40, 50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM dithiothreitol, Protease Inhibitor Cocktail (Roche, Basel, Switzerland), and Phosphatase Inhibitor Cocktail 2 (Sigma-Aldrich). Supernatants were collected and loaded onto NuPAGE SDS-PAGE gels (Invitrogen, Life Technologies) and transferred onto polyvinylidene fluoride membrane. Membranes were blocked in 5% nonfat dry milk and PBS-0.05% Tween-20 and incubated with antibodies against Par3 (1:1000; Millipore), pERK (1:1000; Cell Signaling, Danvers, MA), actin (1:5000; Millipore), or αtubulin (1:5000; Serotec) as protein loading control, followed, respectively, by anti-rabbit (2X), -mouse, or -rat horseradish peroxidase-conjugated antibodies (Jackson ImmunoResearch). Western blots were developed with ECL reagents (Amersham), and chemiluminescence was detected with the LAS-3000 image analysis system (FujiFilm).
Rescue of Par3-silenced cells
Rescue of polarity in Par3-silenced cells was shown by measuring the polarity index of the MTOC in control (shCtrl) and silenced cells (shPar3) transfected 24 h after infection with either GFP-or Par3GFPexpressing plasmid. The images were taken with a spinning-disk microscope. To properly compare differently transfected cells, the analysis was restricted to cells presenting a GFP signal between 20 and 100% above the background.
Ag presentation assay
This was done as previously described (Yuseff et al., 2011) . Briefly, after incubation of B-cells with Lack-coated beads containing or not BCR ligands for 4 h, cells were washed, and the B-cell line was fixed in ice-cold PBS/0.01% glutaraldehyde for 1 min and quenched with PBS/100 μM glycine. B-cells were incubated with Lack T-cell hybridoma overnight (ratio B-cell:T-cell, 2:1). Supernatants from each condition were collected, and IL-2 cytokine production assays were performed (BD Bioscience).
Activation of B-cells and immunofluorescence analysis
Cells were plated on poly-l-lysine-coated glass coverslips and activated with Ag-coated beads at a 1:1 ratio for different time points at 37°C and then fixed in 4% paraformaldehyde for 10 min at room temperature. Fixed cells were incubated with antibodies in PBS/0.2% BSA/0.05% saponin. Immunofluorescence images were acquired on a confocal microscope (LSM510 inverted laser scanning confocal [Carl Zeiss Micro-Imaging] and inverted spinning disk confocal [Roper/Nikon]) with a 60×/1.4 numerical aperture (NA) oil immersion objective.
BCR internalization assay
Control and Par3-silenced cells were washed with PBS and resuspended in 50% CLICK/50% RPMI-1640 at a density of 10 6 cells/ml. Cells were incubated with 10 μg/ml F(ab′) 2 goat anti-mouse IgG premixed to 20 μg/ml F(ab′) 2 donkey anti-goat IgG for 30 min at 4°C. Cells were washed twice with cold CLICK/RPMI to remove the excess ligand and incubated or not (negative control) at 37°C for the indicated time. Internalization was stopped by incubating the cells on ice and adding cold PBS plus 5% BSA. To detect receptors remaining on the cell surface, cells were stained for 30 min on ice with donkey-anti-goat IgG Alexa Fluor 488 and washed with PBS plus 5% BSA. Flow cytometry was performed on an AccuriC6 flow cytometer (BD Biosciences), and data were analyzed with Flowjo software. The percentage of BCR on the cell surface was calculated as (MFI at 37°C)/(MFI at 4°C) × 100, where MFI is mean fluorescence intensity.
Antigen extraction assay
Ovalbumin (OVA) and F(ab′) 2 anti-mouse IgM or anti-mouse IgG fragments were coupled to NH2 beads in equal concentrations. Cells incubated in a 1:1 ratio with Ag-coated beads were plated on poly-l-lysine slides at 37°C, fixed, and stained for OVA with a polyclonal antibody. The amount of OVA present on the beads was calculated by establishing a fixed area around beads in contact with cells and measuring fluorescence on three-dimensional (3D) projections obtained from the sum of each plane (ImageJ). The percentage of antigen extracted was estimated by the percentage of fluorescence intensity lost by the beads after 1 h.
Membrane-spreading assay
The IgG+ B-lymphoma cells were incubated with Ag-coated beads for different time points at 37°C on poly-l slides. At the end of each time point, warm medium was quickly replaced by ice-cold PBS/0.2% BSA, and cells were left on ice, where the staining with the first antibody (anti-goat IgG coupled to Cy5) and membrane staining with WGA-Alexa Fluor 488 (Invitrogen) were performed. After 1 h, cells were washed on ice with cold PBS/0.2% BSA and fixed with 4% paraformaldehyde for 10 min on ice. Cells were permeabilized with PBS/0.2% BSA/0.05% saponin for 20 min at room temperature before staining with the second antibody (anti-goat IgG coupled to Cy3). Membrane spreading around the Ag-coated bead was determined qualitatively by estimating the number of beads nonprotected, partially protected, or completely protected from the first antibody staining under nonpermeabilized conditions.
Time-lapse imaging
Time-lapse confocal microscopy and live-imaging images were done of B-cells plated on poly-l-lysine-coated glass dishes (Fluorodish) for CypHer5E and Par3-GFP experiments. Images were acquired at 37ºC/4.5% CO 2 on an inverted spinning disk confocal microscope (Eclipse Ti; Roper/Nikon) with a 60×/1.4 NA oil immersion objective with MetaMorph software.
TIRFM
TIRFM was performed on a Nikon Eclipse Ti inverted microscope equipped with a 100×/1.49 NA oil immersion objective and a Quantem512SC Roper electron-multiplying charge-coupled device (EMCCD) camera mounted on Dual-View system at 37ºC/4.5% CO 2 . Acquisition was made using MetaMorph. For analysis of Par3-GFP, LifeAct-CherryFP, and cathepsin D-mRFP polarization at the synapse, B-cells were plated onto Ag-coated glass-bottom dishes (Fluorodish), and images were acquired every 5 or 10 s for 30 min with an exposure time of 100 ms.
For dynein-IC74-RFP analysis, B-cells were plated with the same technique for 15 min before imaging, and frames were acquired by streaming at 10 Hz for 1 min.
SIM imaging
Acquisitions were performed in 3D SIM mode with an n-SIM Nikon microscope before image reconstruction using NIS-Elements software based on Gustafsson et al. (2008) . The system was equipped software to get the average residence time distribution along the radius of the cells.
Single-molecule tracking. Cells were plated on planar lipid bilayers and filmed on the TIRF setup. Movies of 30 s at 20 Hz were taken, and single-particle tracking was performed with an adapted version of the multiple target tracking program MTT (Serge et al., 2008) . The pointing accuracy was measured on fluorophore attached to the coverslip as 40 nm. Trajectories <5 frames were discarded from statistics. Diffusion coefficients (D) were measured from a linear fit of the mean square displacement MSD(t) = 4Dt on the number of points that minimizes the error in the coefficient, taking into account the pointing accuracy, according to Michalet (2010) . Only diffusion coefficients with a relative SE of 33% were considered in the analysis. Particles were considered immobile when D < 0.01 μm 2 /s. Polarity analysis. Three-dimensional stacks acquired with a spinning-disk microscope were quantified with a custom-made Matlab program. Briefly, the images were binarized in the GFP channel using the maximal entropy method on the whole 3D stack to obtain the geometrical center of mass of the cell. The maximal fluorescence was used to position the MTOC. The weighted center of mass of different channels was used to define the average position (x, y, z) of the cellular components (dynein, lysosomes). Cross-correlation with a previously acquired image of the bead was used to position the bead in three dimensions. After we extracted the positions of the bead (B), the cell center of mass (C), and the MTOC (M) or another fluorescent marker (F), we computed the polarity index as projection of the vector CM along the vector CB normalized by the distance of bead to center of mass:. The index ranges between −1 (antipolarized) and 1 (fully polarized, object on the bead). Analogously the index for another fluorescence channel (such as dynein or lysosomes) was computed as above, replacing the position (M) of the MTOC with the one (F) of the center of mass of the signal in the specific channel.
Cathepsin D-mRFP recruitment analysis. B-cells were plated onto Ag-coated cover slides 15 min before TIRFM imaging, and frames were acquired by streaming at 20 Hz in stacks of 600 images. Image segmentation and single-particle tracking were done with Multidimensional Image Analysis software as previously described (Desnos et al., 2007) . The diffusion coefficient D xy was calculated by fitting the mean square displacement MSD(t) = 4D xy t extracted from each trajectory on the first 10 time points.
Statistical tests
Statistical analysis was performed with Prism (GraphPad Software) or Matlab (MathWorks). The p values were computed using different tests as indicated in the figure legends; *0.01 < p < 0.05, **0.001 < p < 0.01, ***p < 0.001; ns, nonsignificant.
with an APO TIRF 100×/1.49 NA oil immersion objective and an EMCCD DU-897 Andor camera.
Scanning electron microscopy
For scanning electron microscopy, cells preincubated with Ag-coated beads were loaded on a polylysine-coated coverslip and fixed with 2% glutaraldehyde in phosphate buffer at room temperature for 1 h. Samples were vacuum dried and dehydrated by criticalpoint drying with CO 2 . The specimens were mounted on metallic supports with carbon tape and ion sputtered with cathodic gold. Analysis of samples was performed on a Cambridge S 260 microscope at pressure of 10 −7 torr.
Image deconvolution
Images were acquired with a wide-field Eclipse NiU Upright Microscope (Nikon) equipped for image deconvolution. Acquisition was performed using a 100× Plan Apo VC 1.4 oil objective and a highly sensitive cooled interlined CCD camera (CoolSnap HQ2; Roper). The deconvolution code we used is described in Sibarita (2005) .
Image analysis
Analysis of Par3-GFP/Lifeact-mCherry TIRFM movies. TIRF images of Par3-GFP and LifeAct-CherryFP were quantified with a custom-made Matlab program applied to the dual-view TIRF images: at each time point, the cell was identified by Otsu threshold on the actin channel. A kymograph was built for each channel starting from this mask and computing the average fluorescence intensity in concentric rings of width 1 pixel obtained by eroding the mask progressively.
Radial line scan. The density of the BCR clusters and Par3 ( Figure 7A ) was quantified on TIRF images convolved with a Gaussian filter to reduce background salt-pepper noise; the average intensity over the radius was computed using the radial line scan plug-in of Fiji over the radius of the cell and averaging over 10 frames the three different time points (t = 0, 15, 30 min). The plotted lines were normalized over the total intensity on each channel. Cluster dynamics. TIRF multipositioning time-lapse movies of anti-BCR-labeled supported lipid bilayers were quantified as follows: for each movie, an automatic threshold (triangle method) was applied and the particles statistics extracted using Fiji-based macro (particles <3 square pixels were discarded). For each cell at each time point, the average area of top 10% brightest clusters was computed. The fold increase was computed with respect to the first time point.
Dynein recruitment analysis in three dimensions. Dynein recruitment was estimated using a custom-made ImageJ routine. In both control and shPar3 cells, first the fluorescence signal density (obtained as the integrated signal divided by the volume in voxels of the region of interest) was computed for the cytoplasm and the synapse (ρ cytoplasm and ρ synapse , respectively). The synapse was considered as three planes starting from the bottom plane. Dynein enrichment was defined as the ratio between fluorescence signal densities, ρ synapse /ρ cytoplasm (1 = no enrichment).
Single-particle tracking. For the dynein tracking, cells transfected with dynein IC74-RFP plasmid were plated on IgG-coated coverslips and observed on a TIRF setup. Movies of 3 min were taken at 10 Hz. After a global background subtraction, dynein spots were tracked using Trackmate plug-in on Fiji (Schindelin et al., 2012) , and trajectories were further elaborated with custom-made Matlab
